Introduction
Heteroaromatic N-oxides possess a 1,2-dipolar nitrogen-oxygen bond, where the nitrogen atom is part of the heteroaromatic ring. The formally negatively charged oxygen has a substantial impact on the physical properties and reactivities of the arene ring, which can be mostly rationalized by electron delocalization. Scheme 1 depicts the important canonical forms of pyridine N-oxide, which along with its congeners represents a synthetically versatile subset of heteroaromatic N-oxides and will be the focus of this review. For the typically drawn dipolar structure A, the positive charge on nitrogen can delocalize to the ortho positions as in the resonance structures of B and C and the para position as in D, therefore rendering those sites electrophilic and susceptible toward nucleophilic attack; consequently, electron-donating substituents at these sites enhance the contribution of these canonical forms to the overall stability of the N-oxide and increase the nucleophilicity of the negatively charged oxygen. Alternatively, the negative charge on the oxygen atom can delocalize into the pyridine ring, thereby generating the resonance structures E, F and G and rendering the very same sites on the pyridine ring discussed above nucleophilic and reactive in electrophilic aromatic substitutions. The relatively short N-O bond (1.28 Å, compared to the 1.383 Å observed in N-methylmorpholine N-oxide 1 ) and the much smaller increase of dipole moment over pyridine (2. 02D) than that of trimethylamine N-oxide (4.37D) are indicative of the contribution of these canonical forms. As a consequence, electron-withdrawing substituents also stabilize pyridine N-oxides, thereby permitting their ready preparation. The negatively charged oxygen, besides impacting the heteroarene electronically, offers a versatile nucleophilic oxidation site and enables directed C-H functionalizations.
Pyridine N-oxides are weak bases and less basic than the corresponding pyridines. The pK a values of the conjugate acids of pyridine N-oxides in water are around 1.0. 2 In contrast, the conjugate acids of the corresponding pyridines have pK a values around 5. This phenomenon is attributed to the solvation effect, as there is little difference in their basicity in the gas phase. 3 A monograph 3 in 1991 and a review 4 in 2001 elegantly summarized the properties and reactivities of heteroaromatic N-oxides. In this review, we limit the literature coverage to selected and representative developments in the chemistry of heteroaromatic N-oxides since 2001 and focus mostly on versatile metal-catalyzed oxidations of alkynes using them as oxidants, and their C-H functionalization reactions, both of which have been among the intensely studied areas of contemporary organic chemistry.
Synthesis of Heteroaromatic N-Oxides

Direct Oxidation of Hindered Heteroarenes
Direct oxidation of heteroarenes to heteroaromatic Noxides can be realized with strong oxidants such as mchoroperoxybenzoic acid, 5 magnesium monoperphthalate, 6 in situ generated percarboxylic acids 7 and dimethyldioxirane (DMDO). 8 A common problem with the often-used mchoroperoxybenzoic acid is the difficulty of removing the byproduct m-chlorobenzoic acid, which results in decreased isolated yields. Sharpless and co-workers developed a generally preferred methyltrioxorhenium-catalyzed oxidation using hydrogen peroxide as the stoichiometric oxidant. 9 While this method is often highly efficient for unhindered pyridines and quinolines, it appears to be sensitive to steric hindrance and does not work well with pyridines containing 2-substitutents, except for a small methyl or cyano group.
The oxidation of 1,10-phenanthroline into its N,N′-dioxide is extremely challenging owing to the necessity of twisting the tricyclic ring system out of planarity in order to accommodate the two anionic oxygen atoms; hence, it was not achieved with either m-choroperoxybenzoic acid or dimethyldioxirane. However, HOF·MeCN, perhaps the best oxygen-transfer agent and easily accessible from fluorine gas (commercially available as a mixture with an inert gas) and aqueous acetonitrile, readily accomplished this and related transformations in two minutes and with fair to good yields (Equation 1). This method offers a potential solution to the oxidation of other highly hindered substrates. 10
Equation 1
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Through Construction of Heteroaromatic Rings
N-Heteroarene N-oxides can also be prepared from substrates with pre-existing nitrogen-oxygen bonds via the construction of the arene ring. For example, a direct preparation of isoquinoline N-oxides from ortho-alkynylbenzaldoximes was realized by the use of alkynophilic catalysts such as cationic gold(I) complexes or simple silver triflate (Equation 2). 11 A gold-catalyzed [3+3] cycloaddition between nitrosobenzene and a β,γ-unsaturated α-diazo ester offers a modular access to quinoline N-oxides, which entails the generation of a capto-dative gold carbene, its regioselective nitrogen-trapping by nitrosobenzene, electrocyclic ring closure and dehydrogenative aromatization (Scheme 2). 12 A rhodium(III)-catalyzed annulation between an oxime and an α-diazo-β-keto ester or diketone offers modular access to multi-substituted isoquinoline and pyridine N-oxides (Scheme 3). 13 Mechanistically, the reaction is proposed to undergo tandem rhodium-mediated C-H activation, carbene insertion and cyclization.
As direct oxidations 14 of imidazole compounds into their N-oxides have met with limited success, 5 this type of oxide can be readily prepared by way of the condensation between α-keto oximes and imines. 15 Scheme 4 outlines a highly efficient example where the understood reaction mechanism includes the imine part, methylimine, being generated in situ from 1,3,5-trimethyltriazinane. 15c Through a mechanistically similar strategy, oxazole Noxides such as 1 16 were prepared from α-keto oximes and aldehydes under acidic conditions (Equation 3). 16, 17 Equation 3 3 Heteroaromatic N-Oxides as Oxidants As reagents, heteroarene N-oxides are versatile and yet mild nucleophilic oxidants that can effect a diverse range of powerful oxidative transformations mostly in the presence of metal catalysts. Two features make them unique: 1) their oxygen atoms possess sufficient nucleophilicity due to their negatively charged nature and minimal steric size, yet they are nearly non-basic (vide supra); and 2) the nitrogen-oxygen bond is weak, with a bond dissociation energy of 63.3 kcal/mol for pyridine N-oxide, 18 and therefore prone to heterolytic fragmentation. This fragmentation follows an initial nucleophilic attack by the oxygen atom. The net result of this two-step sequence is nucleophilic oxidation, which manifests two distinct scenarios: 1) N-oxides form covalent bonds with substrates and are intimately involved in their conversions into products; and 2) they oxidize metal catalysts into corresponding higher-valence metal oxides, which then carry out the intended substrate transformations (Scheme 5). The discussion in this section focuses on the first scenario as the reactivities tend to be unique to these heteroarene N-oxides. In contrast, the second scenario does not engage direct interactions between substrates and oxidants; as a result, heteroaromatic N-oxides can be just one of various types of effective oxidants.
Scheme
Scheme 5
Among the heteroaromatic N-oxides, pyridine and quinoline N-oxides are the most frequently used oxidants.
Alkyne Oxidation
The first case of alkyne oxidation by a pyridine N-oxide was realized intramolecularly without metal catalysis. 19 Under short-time-thermolysis conditions (contact time ca. 10 s), the enynyl pyridine N-oxide 2 undergoes a [6π+2n] electrocyclization to generate cyclic allene intermediate 3.
Its labile nitrogen-oxygen bond then experiences either heterolytic fission to directly generate the α-oxo carbene 4 or homolysis and subsequent orbital rearrangement to arrive at the same intermediate. Two competing pathways ensues: the nascent pyridine ring cyclizes to the carbene center to form the indolizine product 5, or a Wolff rearrangement followed by a cyclization results in the formation of the quinolizinone 6 (Scheme 6).
Scheme 6
The advent of homogeneous gold catalysis 20 recently led to the development of various alkyne oxidations by heteroarene N-oxides. Owing to the potent π acidities of cat- This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
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ionic gold(I) complexes, they can readily coordinate to alkynes and effectively activate the carbon-carbon triple bond toward attack by nucleophiles. Among a range of nucleophiles examined, pyridine N-oxides and specifically 2bromopyridine N-oxide and 3,5-dichloropyridine N-oxide, were first employed by Zhang and co-workers in 2010 21 as suitable oxidants for gold-catalyzed oxidations of homopropargylic alcohols, which resulted in the formation of dihydrofuranones in fair to good yields (Scheme 7). Mechanistically, 22 the ynophilic cationic gold(I) complex, Ph 3 PAu + , first coordinates to the carbon-carbon triple bond 23 of the substrate and hence activates it toward nucleophilic attack by the pyridine N-oxide. The thus-generated alkenylgold intermediate H then undergoes heterolytic fragmentation of the weak nitrogen-oxygen bond, thereby revealing an αoxo gold carbene intermediate, namely I. This highly electrophilic metal carbene is trapped by the tethered hydroxy group to afford the isolated product. Notably, pyridine Noxides were uniquely effective in this reaction while other nucleophilic oxidants such as various sulfoxides 24 and tertiary amine N-oxides led to poor or no reaction. Methanesulfonic acid (1.2 equiv) was necessary in this reaction in order to prevent catalyst coordination and hence deactiva-tion by the pyridine byproduct. However, acid-sensitive MOMO and NHBoc groups were tolerated due to the buffering by the slightly basic N-oxide.
Of importance is that the net result of such a gold-catalyzed oxidation of a carbon-carbon triple bond, as exemplified by the above study, is the generation of an α-oxo gold carbene moiety as in I. As α-oxo metal carbenes/carbenoids are typically accessed via metal-promoted dediazotization of α-diazo ketones, 25 this oxidative approach permits the replacement of hazardous, potentially explosive and mostly not commercially available diazo compounds with benign and readily available alkynes in the realm of gold catalysis (Scheme 8).
Scheme 8
This facile and safe access to synthetically versatile αoxo gold carbenes has attracted broad interest, and many additional synthetic methods have been developed. 26 Among them, a later work 26b by the same research group revealed that 8-alkylquinoline N-oxides (alkyl = Me, Et, or i-Pr) are better oxidants than substituted pyridine N-oxides in the oxidation of internal alkynes (Scheme 9). This observation is generally true with other substrate types, and can be attributed to a combination of the decent nucleophilicities of these quinoline N-oxides and their labile nitrogenoxygen bond. In addition, as the reduced quinoline possesses a ring nitrogen shielded by the 8-alkyl group, it is no longer able to coordinate to catalytically active cationic gold(I) to a significant extent; as a result, no acid additive is needed, and the oxidative gold catalysis under these non-acidic conditions can tolerate a broad range of functional groups.
As shown in the scheme, the oxidation with 8-isopropylquinoline N-oxide could be performed at a temperature as low as -20 °C, indicating facile formation of the gold carbene intermediate; moreover, the oxidant attacks highly regioselectively at the less hindered end of a sterically biased carbon-carbon triple bond, thereby leading to selective formation of the enone products such as 7. In addition, electronic factors such as conjugation 27 and inductive effects can also impose good to excellent regioselectivity under the reaction conditions, as demonstrated in the cases of 8 and 9. This regioselective oxidation of alkynes into enones offers a synthetically useful strategy of masking enones as 
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alkynes, which may prove to be of unique synthetic utility when functional group compatibility is an issue due to the diverse reactivities of the enone functionality. Indeed, this chemistry has been applied as a key step in the total syntheses of both citrinadins A 28 and B (Scheme 10). 29 Of note is the range of functional groups tolerated in these transformations.
Another notable development of this topic was reported in 2012, 30 where the highly electrophilic α-oxo gold carbene moiety, capable of halide abstraction from dichloroethane solvent, 31 was tempered toward efficient intermolecular trapping by stoichiometric nucleophiles such as carboxamides (Scheme 11). The key feature was the use of Mor-DalPhos, 32 a P,N-bidentate ligand, which enabled the formation of a tris-coordinated gold center in the carbene intermediate J; owing to the additional electron donation by the nitrogen atom to the gold center, a better back-donation by the metal to the electrophilic carbene center is expected, which should lower its reactivity and in turn facilitate its selective trapping. This rationale was supported by DFT calculations. 8-Methylquinoline N-oxide was again the preferred oxidant, and without any acid additive, the reaction offered the facile preparation of various 2,4-disubstituted oxazoles.
In some cases, 33, 34 however, gold-catalyzed oxidation of alkynes by pyridine or quinoline N-oxides might diverge to more facile pathways from vinyloxypyridinium intermediates of type H (see Scheme 7) and hence not engage the intermediacy of an α-oxo gold carbene. For example, Liu and co-workers reported that a gold-catalyzed oxidative cyclization using 8-methylquinoline N-oxide as the oxidant offered a highly efficient access to cyclopentenone derivatives (Scheme 12). 33 While the net outcomes appear to be intramolecular C-H insertions by α-oxo gold carbenes, detailed mechanistic studies suggested that a 1,5-hydride migration by the initially formed vinyloxyquinolinium K might be preferred over, and hence bypass, the carbene formation, as the corresponding diazo substrates exhibited a contrasting trend of reactivity. The heteroaromatic byproduct generated during the oxidative gold catalysis is not necessarily a bystander and can trap the nascent highly electrophilic gold carbene intermediate. 21 For example, during the study of intramolecular cyclopropanation reaction by Liu, 26d the polycyclic tetrahydropyrroloquinoline 10 was formed in 34% yield (Scheme 13). 35 The yield of 10 could be improved by the addition of 1.5 equivalents of extra 8-methylquinoline. The reaction likely proceeds via the quinolinium gold intermediate L, which upon releasing the gold catalyst delivers the azomethine ylide M. The ensuing diastereoselective intramolecular 1,3-dipolar cycloaddition affords the observed product. An intramolecular oxidation of carbon-carbon triple bond by a tethered pyridine N-oxide also engages the heteroarene in subsequent transformations. 36 In addition to the gold-catalyzed oxidation of alkynes with pyridine or quinoline N-oxides, related oxidations using rhodium catalysts have been developed. 37 As shown in Scheme 14, with electronically activated ynamide substrates, the active rhodium catalyst generated from [Rh(CO) 2 Cl] 2 and P[OCH(CF 3 ) 2 ] 3 behaves as a π Lewis acid, similar to cationic gold(I), and promotes nucleophilic attack by 3,5-dichloropyridine N-oxide. The adduct is then transformed into an α-oxo rhodium carbene intermediate (i.e., N), which should possess different reactivity from its gold counterpart. In this case, the rhodium carbene moiety in N can cyclopropanate a tethered alkene or, as shown, undergo metathesis with a similarly tethered alkyne. The new rhodium carbene generated (i.e., O) would be oxidized by the same N-oxide to deliver the 4-acyl-2-oxopyrroline product. Notably, the related rhodium-catalyzed oxidation of normal or electron-deficient alkynes is not known, indicating that cationic gold(I) catalysts are in general better π Lewis acids than rhodium(II) catalysts.
Scheme 14
A palladium-catalyzed double oxidation of diphenylacetylene by pyridine N-oxide was realized under rather harsh conditions (Scheme 15). 38 It was proposed that a catalytically active palladium(II) species is generated via the oxidation of palladium-on-carbon with the N-oxide and acts as a π Lewis acid to promote the addition of the oxidant to the carbon-carbon triple bond. Instead of invoking a probable formation of a palladium carbene, the authors proposed that the adduct P would be attacked by another molecule of pyridine N-oxide in an S N 2′-like manner. Notably, the pyridine N-oxides with either an electron-donating 
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4-methoxy or an electron-withdrawing 4-nitro substituent were much less effective, affording the diketone product in 52% and 34% yield, respectively.
Scheme 15
The copper(I) complex Cu(NCMe) 4 NTf 2 was shown by Gagosz 39 to catalyze the oxidative cycloisomerization of alkynyl oxiranes and oxetanes. While the oxirane substrates are transformed into various butenolides, the reactions with alkynyl oxetanes exhibit two competing pathways, the preferences of which are controlled by the pyridine N-oxide used. As shown in Scheme 16, the Lewis acidic copper(I) complex likely activates the substrate via coordination to both the carbon-carbon triple bond and the oxetane ring oxygen. As such, a nucleophilic pyridine N-oxide would attack the alkyne terminus to arrive at the allenoxypyridium intermediate Q, which would undergo either a direct S N 2′type cyclization to afford the aldehyde 11 or a copper(I)promoted 6-endo-trig cyclization followed by elimination to afford the unsaturated lactone 12. What is interesting is that a moderate selectivity (1.9:1) toward 11 in the case of pyridine N-oxide was dramatically enhanced with a more electron-deficient 3-bromopyridine N-oxide, which was ascribed to the improved nucleofugality of 3-bromopyridine; in contrast, the use of a more electron-rich 4-methoxypyridine N-oxide led to a complete reversal of selectivity, and 12 was the only isolated product in 74% yield. This outcome was attributed to the decreased nucleofugality of 4-methoxypyridine and its enhanced ability to accommodate positive charges.
The isomerization of terminal alkynes to metal vinylidenes is a much employed strategy for method development. 40 However, there has been only limited success in oxidizing metal vinylidenes into ketenes. 41 In a recent study by Lee, 42 pyridine N-oxides were proven to be versatile oxidants for the transformation (Scheme 17). The ketene or rhodium-ketene complex generated underwent either facile nucleophilic trapping to yield carboxylic acid derivatives, or a Staudinger ketene imine cycloaddition 43 to deliver β-lactams. 44 Notably, sulfoxides, another class of nucleophilic oxidants, were suitable only for the intramolecular cases. A related ruthenium catalysis was also realized using tethered sulfoxides as oxidants at around the same time. 45 
Scheme 17
Despite the widespread use of metal catalysis in the oxidation of alkynes by heteroarene N-oxides, there are several metal-free exceptions. For example, with 2-ethynylaniline substrates, a Brønsted acid was used to promote the addition of pyridine N-oxides via the protonated -and hence activated -intermediates R; synthetically useful tetrahydropyrroloquinolinone products were eventually formed in moderate to good yields (Scheme 18). 46 Notably, the alkynes used in this case can be considered as vinylogous ynamines and are electron-rich, which is necessary as electron-neutral alkynes cannot be readily activated under the employed acidic conditions. 
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Another case of metal-free oxidization was also achieved with electron-rich alkynes under acidic conditions. As shown in Scheme 19, the alkynyl aryl ether 13 underwent oxidative cyclization to form the benzofuranone 14 in a good yield (as determined by gas chromatrography). 47 A likely mechanism entails an initial protonation of the carbon-carbon triple bond and a subsequent N-oxide attack. The conversion of the thus-formed adduct 15 to 14, although not allowed under Baldwin's rules, was also proposed in an earlier related report. 34
Scheme 19
Allene Oxidation
The oxidation of allenes by heteroaromatic N-oxides has, surprisingly, attracted little effort, which might be attributable to the difficulty in controlling the regiochemistry of the initial addition. An early study is shown in Scheme 20. 48 Terminal allenes were converted into α-methanesulfonyloxy methyl ketones by using a highly active gold(I) cata-lyst, namely (4-CF 3 Ph) 3 PAuNTf 2 , and 3,5-dichloropyridine N-oxide as the oxidant. The proposed mechanism involves an initial gold-catalyzed regioselective addition of the Noxide to the allene sp-hybridized carbon, a subsequent protodeauration and a final S N 2′-type attack by mesylate.
Scheme 20
Carbene Oxidation
Pyridine N-oxide was also utilized for the oxidative demetalation of Fischer carbene complexes. 49 
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Among the many types of reactions using heteroaromatic N-oxides and their functionalized derivatives as substrates, the regioselective functionalization of carbonhydrogen bonds offers streamlined synthetic routes and is of significant synthetic utility. Lately, much progress has been reported in this area, as discussed in this section.
Deoxygenative ortho-C-H Functionalization with Prior Activation
Complementary to nucleophilic aromatic substitutions of ortho-halogenated N-heteroarenes, non-functionalized heteroaromatic N-oxides have been employed widely to achieve ortho-substitutions, resulting in net C-H functionalizations. 50 With weak nucleophiles such as amines, chlorides and cyanides, direct attack at the ortho position does not occur, owing to its weak electrophilicity. However, as shown in Scheme 21, initial activation of an N-oxide by attaching an electrophilic species to the negatively charged oxygen would enhance the electrophilicity of the ortho position and thereby dramatically accelerate nucleophilic attack, which would in turn yield an ortho-substituted heteroarene (i.e., 18) upon subsequent rearomatization, although 4-substituted side products may be formed as well. Commonly employed activating agents include methyl triflate, p-toluenesulfonic anhydride, p-toluenesulfonyl chloride, benzoyl chloride, bromotripyrrolidinophosphonium hexafluorophosphate (PyBroP), and triphosgene. In cases where substituents other than the counter-anion of the activating reagent are desired, the reactions are typically performed in two steps and weakly nucleophilic counter-anions are used. For example, methyl triflate 50a and p-toluenesulfonic anhydride (Equation 5) 50c,e were used in the synthesis of 2-aminated pyridines under mild conditions. In a mild, one-step reaction using PyBroP as the activating reagent, an amazingly broad scope of nucleophiles including amines, 50d azoles, phenols, amides, thiols and stabilized carbonucleophiles 50i were used to effect deoxygenative ortho-substitution of pyridine N-oxides (Equation 6). Notably, this reaction is devoid of 4-substituted and halogenated side products and, moreover, the one-step protocol suggests that the reactions between nucleophiles and PyBroP, if any, might be reversible.
Scheme 21
Equation 5
Equation 6 When the counter-anion of the activating reagent is the desired 2-substituent, this deoxygenative substitution can be readily performed in one step. An example is shown in Equation 7. 50a Interestingly, in the case of 1-alkylpyrazole-2-oxides, halogenation occurred at C5 instead of C3 (Equation 8). 50n
Equation 7
Equation 8
A versatile approach to installing amide groups at the pyridine 2-position involves the reaction of pyridine N-oxides with imide chloride, in the so-called Abramovitch reaction. 51 In an improved mild protocol (Scheme 22), 50f the reactive chloride, generated in situ from treating a secondary carboxamide with stoichiometric oxalyl chloride in the presence of a moderate base, reacted with a pyridine N-oxide to form the intermediate 19, which likely underwent electrocyclic closure to form the bicyclic dihydropyridine 20. A base-promoted fragmentation of the oxadiazoline ring of 20 then regenerated the pyridine ring and installed the amide group at the ring C2 position. A similar transformation using triflic anhydride and 2-fluoropyridine has been reported. 50j With primary amides, however, similar 
Review Syn thesis
treatments with oxalyl chloride in the absence of base generated acylisocyanates instead of the imido chlorides; they subsequently reacted with quinoline N-oxides to yield quinolines possessing a secondary amide at their C2 position. 50h
Scheme 22
Deoxygenative ortho-C-H Functionalization with Nonstabilized Carbanions
The reaction of heteroaromatic N-oxides with strongly nucleophilic Grignard reagents typically do not require much substrate activation. An early study 52 reported the low-yielding formation of the ring-opened product dienal oximes 22, instead of the originally proposed dihydropyridine, upon protonation of 21 (Scheme 23). Olsson, Almqvist and Andersson discovered in 2011 that the ring opening of 21 to 22 did not occur as long as the temperature was below -20 °C. As a result, they developed preparations of 2-substituted pyridines and stereoselective syntheses of substituted piperidines and piperazines under exceptionally mild conditions. 53 For example, in a one-pot process, 2-substituted pyridines were prepared in fair yields upon treatment of the initial adduct of type 21 with a dehydrating reagent such as trifluoroacetic anhydride (Scheme 24). 54 Of note is that the reaction was not contaminated with 4-substituted side products and functional groups such as carboxylate and chloride were tolerated. In addition to the dehydration, the initial adduct could be oxidized back to the pyridine Noxide, 54, 55 or formed asymmetrically en route to chiral piperidines following reduction (Scheme 24). 56
Scheme 23
Scheme 24
An improved, one-step deoxygenative ortho-substitution of N-oxides was catalyzed by copper(I) chloride (Equation 9). 57 The addition of Lewis acidic magnesium chloride or lithium fluoride improved the yield dramatically. The reaction featured mild reaction conditions, no need for a dehydrating reagent, and a broad reaction scope as alkyl, aryl and alkenyl Grignard reagents were all suitable, and functional substituents on the heteroarene ring such as bromine and free hydroxy groups were tolerated. Notably, the twostep method in Scheme 24 did not work well with alkyl Grignard reagents.
Equation 9
Metal-free reactions between quinoline N-oxide and silylated arylacetylenes or 2-trimethylsilylbenzothiazole were realized with the use of organic superbase P4-t-Bu (pK BH+ in acetonitrile = 42.7) as catalyst, and 2-substituted quinolines were obtained in good yields (Equation 10). 58 
Nondeoxygenative C-H Functionalization
In contrast to the deoxygenative approach discussed above, transition-metal-catalyzed C-H activation of N-oxides of pyridine or other heteroarenes offers a direct and versatile strategy for the functionalization of N-heteroarenes not only at the ortho position but also at positions further away. Moreover, readily available halides, including alkyl halides, instead of Grignard reagents are employed as reaction partners, thereby promising better functional group tolerance. Notably, the N-oxide moiety stays intact during the transformation and hence is available for promoting or directing further functionalization of the heteroarene ring, even though an addition reduction step is required to access heteroarene products.
ortho-C-H Functionalization
The Fagnou research group pioneered a palladium-catalyzed ortho-selective C-H functionalization of a range of azine and azole N-oxides using aryl bromides as the crosscoupling partners. 5, 59 Scheme 25 shows some examples that exhibited high regioselectivities. Mechanistic studies 59f pointed to an inner-sphere concerted metallation-deprotonation pathway instead of an S E Ar and a critical role played by a carboxylate base in the carbon-hydrogen bond cleavage. Notably, the negatively charged N-bound oxygen was not involved in directing the C-H activation. The observed regioselectivity may be attributed to the more electropositive nature of the ortho position.
A notable advance in this approach was the use of secondary alkyl halides to replace aryl halides (Equation 11), 60 which provided a practical method to synthesize alkylated pyridine N-oxides. The involvement of radical species during the carbon-bromine bond cleavage was supported by the observed stereochemistry scrambling and radical rearrangement.
Equation 11
In addition to palladium catalysis, a copper-catalyzed C-H activation and sulfonylation of quinoline N-oxides using arenesulfonyl chlorides was also realized (Equation 
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Instead of C-X bonds, the use of C-H bonds as coupling partners to functionalize the ortho C-H bonds of the N-oxides offers, in principle, even better step-economy and synthetic efficiency. This oxidative dehydrogenation approach has been successfully applied to ethers, alkenes, arenes and even heteroarene N-oxides. Some representative examples are shown in Scheme 26. For example, simple pyridine Noxide was arylated selectively at the C2 position with 40 equivalents of benzene using silver carbonate as the stoichiometric oxidant and palladium(II) acetate as the catalyst, 62 1,2,3-triazole N-oxides were regioselectively alkenylated using methyl acrylate in an oxidative Heck reaction or coupled with another N-oxide (e.g., pyridine N-oxide), 63 and pyridine or quinoline N-oxides were alkylated regioselectively by cyclic ethers. 64 In the last case, the stoichiometric oxidant, tert-butyl hydroperoxide, was involved in the generation of α-ethereal radicals via hydrogen abstraction.
Scheme 26
A copper-catalyzed regioselective direct cross coupling between quinoline N-oxides and lactams or secondary amines was realized through the use of silver carbonate as oxidant (Equation 13 ). 65 This reaction offered a simple yet direct construction of 2-amino/amidoquinolines and was found to tolerate various nitrogen coupling partners. A later study revealed that the amination reaction could be performed under much milder conditions (50 °C instead of 120°C
) and, moreover, by using air as the stoichiometric oxidant (Equation 14). 66 The key difference was the use of copper(I) iodide as the catalyst.
Equation 13
Equation 14 There are other notable ortho-C-H functionalization reactions of heteroarene N-oxides. For example, nickel-catalyzed additions of pyridine N-oxides across internal alkynes have been developed based on regioselective activation of the heteroarene C2-H bond (Equation 15 ). 67 The reported reaction conditions were mild, but the scope of the alkyne, due to poor control of regioselectivity, was rather limited. Another case is a direct C2-carboxylation of quinoline N-oxide, which entailed a copper(I)-catalyzed and tert-butyl hydrogen peroxide mediated cross dehydrogenative coupling between aldehydes and quinoline N-oxides (Equation 16 ). 68
Equation 15
Equation 16 
N-Oxide Directed ortho-Alkyl C-H Functionalization
By using a much stronger base (i.e., sodium tert-butoxide instead of potassium or cesium carbonate 5, 59 ) and a different phosphine ligand, Fagnou and co-workers realized a selective palladium-catalyzed activation of the ortho-alkyl C-H bond over the ortho-C(sp 2 )-H bond of 2-alkylpyridine N-oxide, which eventually led to arylation at the 2-alkyl 
N-Oxide Directed Remote C-H Functionalization
Aside from C-H functionalization at the C2 position of quinoline N-oxides, directed activation of the relatively remote C8-H bond and its subsequent functionalization was recently realized via rhodium catalysis by Matsuo and Shibata. 69 In the presence of a cationic rhodium(I) catalyst, the addition of the C8-H bond across an alkyne was achieved in fair to good yields (Scheme 28). 69 The reaction resembles that shown in Equation 15, but occurs at a different carbon-hydrogen bond, highlighting the key roles of different metal catalysts. Mechanistically, a five-membered metallacycle (i.e., U) is formed upon C-H activation, which is preferred for subsequent reaction with alkynes likely due to its relative stability over the C2-H activation isomer T. This type of remote C-H functionalization was independently developed and later expanded by Chang and coworkers 70, 71 to include a range of other functional groups. As shown in Scheme 29, a rhodium-catalyzed direct iodination delivered synthetically versatile iodide 23 in a good yield, an iridium-catalyzed amidation was highly efficient when tosyl azide was used as the nitrene source, a rhodium-catalyzed alkynylation using TIPS-EBX (25) afforded 8alkynylquinoline N-oxide 26 in 93% yield, and an 8-alkylation was readily achieved with the use of diazomaleate. These direct remote C-H functionalizations feature very mild reaction conditions, excellent functional group tolerance and broad reaction scopes.
Scheme 28
Scheme 29
1,3-Dipolar Cycloaddition
Heteroaromatic N-oxides can react as 1,3-dipoles in [3+2]-cycloaddition reactions with electron-deficient alkenes. Some selected examples reported after 2001 are presented in Scheme 30. 72 For example, the dipolar cycloaddition between N-methyl maleimide and the quinoline Noxide 27 proceeded readily at ambient temperature to afford two diastereomeric cycloadducts in a good combined yield. 72a The [3+2] reaction between pyridine N-oxide and phenyl isocyanate led to the formation of primary product 28, which was thermally unstable and transformed at 150 °C into 2,3-dihydropyridine derivative 29 by way of a 1,5-sigmatropic rearrangement and eventually decomposed to 2-anilinopyridine in a good yield. 72b Two research groups 72c,d independently studied the [3+2] cycloaddition between in situ generated benzyne and pyridine N-oxide. Interestingly, the cycloadduct 30, under different conditions, rearranged to either 3-(2-hydroxyphenyl)pyridine (31) or 2-(2-hydroxyphenyl)pyridine (32) . The reaction between quinoline N-oxide and electron-deficient hexafluo- 
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ropropene proceeded at room temperature to give the cycloadduct intermediate 33, which underwent sequential elimination, rearomatization, and fragmentation to furnish the final fluorinated 2-ethylquinoline 34. 72e,f Other N-oxides such as imidazole N-oxide and thiazole N-oxide reacted similarly with difluorinated 1-vinylnaphthalene to furnish aryl(heteroaryl)acetates upon subsequent rearomatization and reaction with methanol. 72g
Conclusion and Outlook
The chemistry of heteroaromatic N-oxides has experienced rapid growth since 2001. The combination of a negatively charged and nucleophilic oxygen and a weak nitrogen-oxygen bond enables these N-oxides to be used as versatile nucleophilic oxidants in late-transition-metalcatalyzed oxidation of alkynes and allenes. In the cases of gold catalysis, the oxidation can offer access to highly electrophilic α-oxo gold carbene intermediates and thus permit the development of a range of valuable synthetic transformations. The negatively charged oxygen also impacts the heteroarene ring electronically via delocalization and induction and can facilitate regioselective ortho C-H functionalizations either in an overall deoxygenative process or by way of transition-metal-catalyzed C-H activations. Moreover, it can act as a Lewis basic directing group to enable activation of remote C-H bonds, thereby allowing valuable alternative C-H functionalizations. Further applications of heteroaromatic N-oxides in oxidation reactions catalyzed by transition metals, especially those that are inexpensive and abundant, and in regioselective C-H functionalizations of a broader range of heterocycles are expected to continue to enrich the chemistry of heteroaromatic Noxides. 
